Abstract -Phasor Measurement Unit (PMU) devices, based on the synchronized measurement technology, are basic building blocks of Wide Area Monitoring System (WAMS) and Wide Area Monitoring Analysis Protection-control (WAMAP). Similar to the Remote Terminal Unit (RTU) in Energy Management System (EMS), PMU is becoming very important in the WAMS or WAMAP. This paper introduces the architecture of PMU testing and evaluation (T&E) in our laboratory. The integrated evaluation schemes include testing environment, performance testing method, conformance testing method and evaluation.
Introduction
Recently, several power system blackouts caused by system stability have pushed the wide area monitoring system (WAMS) and Wide Area Monitoring Analysis Protection-control (WAMAP) systems to the front of research in power system [1] - [4] . Phasor Measurement Unit (PMU) is in the spotlight as a wide-area measurement tool, which is synchronized by Global Position System (GPS) signal, samples voltage, current, internal potential, power angle, and electromotive force (EMF) and etc. Its sampling clock is synchronized by the GPS time signal so that the synchronized phase angle can be calculated from the instantaneous values of voltage and current. The overall system performance of such WAMS and WAMAP systems highly relies on the proper function and performance of all PMU devices of the system, which conform to the same high performance standards. Therefore, it remains a major challenge today to ensure a uniform performance compliance of all PMU devices of a large-scale WAMS and WAMAP system. There are two major issues in the PMU testing and evaluation. One is lack of performance requirement for synchronized phasor measurement under non-steady-state system conditions, while another is a standardized testing guidelines and procedures for verifying whether the phasor measurement of PMU conforms to standards is still not available. Besides, there is also a lack of specialized testing equipment to perform such conformance testing efficiently. Recognizing the importance of PMU testing and evaluation, progresses have been made in the US and Brazil through a number of ongoing activities for addressing these issues [5] - [6] . IEEE has published the C37.118-2005 standard, "IEEE Standard for Synchrophasor for Power System" [7] , which replaced the IEEE standard 1344-1995 published in 2006. It was developed by a work group under Power System Relaying Committee. IEEE C37.118-2005 has defined message format exchanged between the main station and PMU devices, but hasn't defined the process of message delivering. It has defined measurement of PMU, but hasn't defined how to test it. In china, a national standard "GB/T XXX.1-200X Protocols for Real-time Dynamic Monitoring System of Power System" has been constituted, which not only has defined the message format by referring IEEE C37.118, but also has defined the process of the message delivering. One other standard "GB/T XXX.2-200X Testing Specification for Power System Synchronized Phasor Measurement Unit" is still in process for PMU testing, some results of this paper will be added into the standard.
In this paper, a testing and evaluation method based on Real Time Simulation System (RTDS) was proposed for PMU testing. A software developed for PMU testing and evaluation is also introduced too. This paper represents the latest research advance of PMU testing and evaluation in China.
PMU Testing
The WAMAP system is quite different from many standalone protection and control devices that operated based on the local measurements only. For those standalone devices, inconsistency of their performances among devices may be manageable. However, inconsistency among the measuring devices of a WARMAP system will directly affect its global performance. The performance of WAMS depends on PMU devices too. In addition, a development trend today is that more and more Intelligent Electronic Devices (IED), such as protective relays, measurement unit, revenue meters, and digital fault recorders are integrated with PMU. The PMU becomes more and more important in Power System. The PMU testing and evaluation methods will be proposed in this paper.
Specifying and establishing performance requirement standards don't automatically guarantee that PMU products from different vendors are consistent in the field. The testing method and procedure will be put forward in this paper under the same testing conditions.
Testing platform based on RTDS
In order to test the PMU, one platform based on RTDS was built in our laboratory. Its structure is shown in Figure  1 . The RTDS simulator is based on Electro-Magnetic Transient algorithm [8] .
1) The models have been validated by calculation and facts, 2) The output of the simulator can be predicted by theory, so it can be used as criterion, 3) The behavior of the power system can be controlled, 4) The data output from RTDS can be organized by script file edited by users in standard message format according to standards, which has the same format of PMU output. In Fig. 1, 1 ) RTDS simulator is synchronized by GPS Clock; 2) RTDS simulator output lower voltage signals to current amplifiers and voltage amplifiers; 3) RTDS simulator provides rotating speed pulse to PMU for testing; 4) the PMU for testing is synchronized by its own clock, which may be GPS, Galileo or Baidou; 5) RTDS, PMU for testing and data analysis workstation are connected together by an Ethernet switcher.
The RTDS simulator is a real time power system simulator operating continuously in real time. The system performs Electro-Magnetic transient simulations in real time. Its time step is around 50 microsecond. A new small time step function was developed to simulate the power electronics circuit at the small time step of less than 2 microseconds [9] - [10] . Therefore it is possible to use RTDS to build a platform for closed-loop testing of the PMU devices.
A special software named PMUAnalyser has been developed for data analysis. It is running on workstation as in Fig. 1 . The interface of PMUAnalyser is shown in Fig. 2 . 
The Simulation Cases on RTDS
A simulation case has been built for PMU testing on RTDS, the setup of the case is showed in Fig. 3 . PMU devices are installed in the observation of critical part of the supervised power system under any operation system. It may be real PMU devices or RTDS PMU models built by RTDS models and scripts in the simulation case. There are 6 installation point candidates for PMU devices or PMU models. Five of them are for substation monitoring, which are marked as PMU-B, while the rest one is for generator monitoring, which is marked as PMU-G. As shown in Fig. 3 , the test case is a simple power system, so the line current and bus voltage can be validated by calculation. The PMU model built by scripts either for generator or bus can be validated. So it can be considered as the standard output of real PMU devices. The PMU measures phase angle with respect to Coordinated Universal Time (UTC), which is absolute phase, so accurate time is important for testing. The PMU for testing and the PMU model are installed in the same measure point. Then both are connected to PMU Analyser workstation by Ethernet.
Protocol Testing
The PMU devices are widely distributed in power system. They are installed in the plants and substations to monitor load buses or generator buses voltage, load current, EMF, power angle in discrete time. The high speed network connects the PMU devices and the main station of WAMS or WAMAP. So protocols are ligaments between the main station and PMU devices. The compliance of protocols should be tested for main station to read the data from every PMU.
According to our national standard "GB/T XXX.1-200X Protocols for Real-time Dynamic Monitoring System of Power System", which is compatible with IEEE C37.118-2005, the software analyses the exchanged data frame between PMU and workstation, including command frame, data frame, and etc. After one testing, PMUAnalyser will generate a report about the transferred data frame with the testing PMU.
precision and dynamic performance testing
PMU devices are fundamental devices in WAMS or WAMAP. The WAMS and WAMAP are designed not only for steady-state applications, but also for applications dealing with mostly non-steady-state system conditions. Hence the Dynamic performance of PMU is very important.
The signals connected to PMU devices may be classified into three categories. One category includes vectors such as voltage, current, which are called phasor channels. The second category includes scalar such as frequency, direct current voltage or current, EMF, power angle, which are called analog channels. The third one is switch channels, but there is no need to do any special testing.
During PMU testing, data will be collected from RTDS PMU models and testing PMUs. The software PMUAnalyser does the tasks of analyzing the data and evaluating the PMU.
In the simulation case, the generator is replaced by controllable voltage source.
It can be controlled flexibly by inputting functions to Sa, Sb and Sc. The source function is expressed in Equation 1.
• Vector Testing Each vector is described by a magnitude and a phase angle. And the vector is affected by the frequency, harmonic and whether three phases are balanced. A testing framework has been built as following. The test is carried out for typical channels of the testing PMU, and the PMU must distinguish the change in first data frame after 1pps. . The test waveform for one changing period is shown in Fig. 7 . Fig. 7 . Waveform for magnitude vary test.
• Scale Testing The scales of PMU include frequency, direct current voltage or current, EMF ( q E  ), power angle (  ), and so on.
One method for testing EMF and power angle is presented in this paper. The simulation case based on RTDS is shown in Fig. 8 . In the case, the PMU for monitoring generator and RTDS PMU model are connected to the same generator bus voltage and circuit, the voltages of high voltage bus 1 (N1, N2, and N3) are used as reference, which are marked in figure 8 . The external PMU and RTDS PMU model output data in absolute angle. However, in real system only relative angle is meaningful, so the relative phase angle with regard to the phase angle of bus 1 voltage is given out in this paper. The generator is an equivalent machine rating at 1000MVA and 13.8kV. Fig. 9 . The component uses the idea of linear interpolation to provide the firing pulse with a resolution of approximately 2 microsecond [9, 10] . The precision is enough for PMU testing.
The phase diagram of generator stable operation is shown in Fig. 10 . In Fig. 10 , the EMF and power angle can be deduced. EMF is showed in Equation 12, where V  is the generator bus voltage and I  is current. Both the two ways for power angle measurement have been realized on RTDS, the results have been compared to be identical. The comparison is shown in Fig. 11 , where "ANGLE" means method 1, and "INEGRATAL A" means method 2. • Testing Example One type of PMU (SMU-2) manufactured by NARI Technology Development Company has been tested in our laboratory. Four bus voltage channels, four current channels, one power angle channel, and one EMF channel of the generator are connected to SMU-2. The positive sequence components of generator bus voltage and output measurement value of RTDS PMU model and testing PMU are listed in Table 1 , where only list the positive generator current. The listed data is a stable period of one second, the RTDS and PMU output was set 100 fames per second.
PMU Evaluation
Magnitude and phase angle describe one vector. So two indices are used to describe the accuracy of a phasor channel of PMU, one is magnitude error, another is phase angle error, both have same importance to PMU application. There is one index for the scale. The TVE value in IEEE C37.118 may be used to evaluate the PMU channels, the TVE is expressed by Equation 15. 
The maximum value of the TVE represents the precision of the channel. This index is not defined in IEEE 37.118, however the criterion of TVE is set as 1%. In fact the critical value shouldn't be set, because different application of PMU need different precision. It should be decided by users.
By the data listed in table 1, the testing results of SMU-2 were calculated, and shown in Table 2 .
The results show that SMU-2 meets the requirement of the user and is a qualified product. 
Conclusions
A PMU testing platform based on real time simulation system was proposed in this paper. The platform includes RTDS, PMUAnalyser, GPS. A PMU evaluation architecture was also presented, which includes testing items, and evaluation method. As an example, one type of PMU SMU-2 was tested on the platform and the testing results are demonstrated. It shows that the testing platform, testing and calibration method are practical and effective.
